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V1 
AESTI~ACT 
Naturally occurring toxins such as arsenic{V) and estrogens harm hurr~an ~iealt~i at 
trace level for long-term exposure. Though distinct in chemical characteristics, boti~ toxins 
can be efficiently treated by adsorption. The study demonstrates the wide ap~iicat~on of 
adsorption techniques in the removal of naturally occurring toxins from water at Mace level. 
Both toxins were quantified at µgL"l level using mass spectrometry. ~3-Fe~DOH granulated 
ferric hydroxide were employed to remove arsenic under different conditions. Two Iowa 
soils, Hanlon and Zook, with different organic content and clay percentage, were used for 
estrogen sorption expei7ment. Maximum sorption capacities as modeled ~y Freundlich model 
were 500 (µg/g)(L/µg)° for arsenic(V) by granulated ferric hydroxide, 0.795(µg/.g)(L/µg)° for 
17(3-estradiol by Zook soil and 0.632 (µg/g)(L/µg)° for estrone by Hanlon soil. 
CHAPTER 1. INTR(JDUCTION 
Adsorption phenomena -the bulk transfer and accumulation of particles from lit~uid and gas 
phase onto solid surfaces -have been observed and evaluated in the past. Adsorption as a 
retrofit technique is now being increasingly used in water recovery and wastewater 
remediation. Activated carbon cannot act as panacea for multiple varieties of naturally 
occurring trace toxins (NOTT). Application of adsorption as a technique to remove 
impurities is not limited to a single adsorbent (AC) or chloro-organic pollutants. A variety of 
adsorbents, such as aluminum or iron-based metal oxides, and clay minerals e.g. zeolite, have 
been developed to meet the needs to remove natural pollutants effectively and economically 
(Kumax et al., 2004). With growing recognition and need to regulate NOTT in water 
sources, new adsorption techniques must be developed to effectively remove trace amounts 
of inorganic and organic toxins, as traditional water-purification methods, such as 
coagulation-sedimentation, are not effective at the trace level. 
For the purposes of this research, two types of representative naturally occurring trace 
toxins (NOTT), arsenic(V) and natural estrogenic hormones (173-estradiol and estrone), were 
selected to demonstrate the effectiveness of the adsorption technique. Arsenic(V) is listed as 
the number one toxic substance on the national priority list (NPL), and US Environmental 
Protection Agency (EPA) now has requirement effective from 2006 for the arsenic leveY to be 
below 10 µgL"i in drinking water (USEPA, 2001). ~iatural estrogenic hormanes 17~i- 
estradiol and estrone are regarded as the most potent endocrine-disrupting and carcinogenic 
chemicals on the list of emerging pollutants (Hanselman et al., 2003). 
Arsenic(V), and steroidal hormones, thougi~ representing two distinct classes of 
chemical compounds, both occur naturally. Their presence in drinking water poses a #hreat to 
human and animal health at trace levels, such as tie lower ranges o~ µgL"1 or ngL"l levels 
(Smith et al., 2000). Arsenic(V) is an inorganic metalloid which dissolves quantitatively in 
water as polar anions. Arsenic(V) enters the ground and surface water through desor}~tion of 
arsenic from rocks into water (Inskeep et al., 2001). A direct intake of 0.05 g arsenic could 
lead to immediate death of a human. Long term exposure to Arsenic(V) at levels greater than 
50 µg/L would lead to dermatological and neurological problems (Smith et al., 20U0). 17{3- 
estradiol and estrone are organic steroids which poorly dissolve in water, yet can be 
stabilized in non-polar organic solvent. Estrogenic hormones enter the environment through 
domestic wastewater, biosolids and livestock manure, and have the potential to contaminate 
surface and ground water by runoff and leaching (Khanal et al., submitted 2006). Long-term 
exposure to estradiol and estrone° in the lower range of ng/L would cause irreversible harm to 
reproductive and endocrine systems of humans and animals alike (Hanselman et al., 2003). 
Though having distinct physical, chemical and biological attributes, arseni~(V) and 
estrogenic hormones can both be removed efficiently #'rom aqueous phase through tine use of 
adsorption techniques. Chapter 2 details the occurrence, toxicity; detection of naturally 
occurring trace toxins, and adsorptive removal technique specific to removal of trace 
pollutants arsenic(V) and estrogenic hormones. Chapter 3 focuses on the kinetics and 
thermodynamics models of arsenic(V) adsorption onto granulated ferric hydroxide (GFH). 
Chapter 4 discusses the method development for estrogenic hormone detection in complex 
solid matrices, and adsorption pattern of 17 J3-estradiol and estrone onto two typi~ai Iowa 
%~ 
J 
soils. The batch experiment designs for arsenic(V) and estrogenic hormones were similar in 
concept, although the reaction containers were different due to optimization requirements. 
The adsorptive removal experiments of seemingly different toxic substances show us 
the intrinsic connections in the principle and design of adsorption experiments and the 
delicate similarities in removal effectiveness and effici-envy of employing the adsorption 
technique. Chapter 5 provides a detailed discussion of the adsorption modeling, adsorbent 
capacities, respective mechanisms, conclusions drawn and future research recommendations. 
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CHAPTER 2. 
DETECTION AND REMOVAL OF NATI~RALLY OCCURRING TR.A.CE TOXINS 
2.1 Naturally Occurring Trace Toxins (NOTT) 
With awareness growing and new regulations taking effect; it has become necessary, 
to take a deeper look at the 1~OTT, their detection, and subsequent removal from water 
resources. These substances naturally occur at the trace level defined as < µgL"l. Yet even at 
such low levels, long-term exposure to ~TOTT, poses a threat to all ecosystems. .Among the 
common naturally occurring toxins, arsenic and steroidal estrogens are the focus of this 
research study because of their serious threat to human health. 
2.1.1 Arsenic(V): Inorganic metalloid 
Arsenic occurs naturally in the environment at oxidation' states of —III, +IiI, and +V, 
where the latter two are the major forms, often noted as As(III) and As(V). As(III) and As(V) 
enter water bodies through desorption from arsenic-bearing rocks, whereas As(V) occurs as . 
the predominant arsenic form under aerobic conditions. 
Arsenic's acute toxicity is well known and is a major toxicological concern. At a 
dosage of 50 ~ 200 mg/per l OD kg, arsenic kills living beings by damaging nervous systems 
and disrupting hepatic functions (Galvin, 2003). Moreover, arsenic present in drinking water 
at trace level enters the human body by ingestion and causes chronic health problems. 
Inorganic arsenic is ingested by organisms and is further bio-transformed into methyl-arsenic, 
which is released in urine. The methylation of inorganic arsenic proceeds as follows: 
H3As04 + 2H+ + 2e- = H3As03 + H ZO (2.1) 
H3As03 +enzyme = CH3As0{OH)2 (2.2) 
5 
CH3AsO~OH~2 +enzyme = ~C~I3 ~2 AsO~OH~ (2.3) 
~CH3 JZ AsO~OH~+ 4~i+ + 4e- _ {CH3 ~z ~sH (2.4) 
However, only a small proportion of indig~ested arsenic can be methylated and 
removed; a large proportion remains accumulated in the human body, nails and hair (Galvin, 
2003). Long-term exposure to trace levels of arsenic leads to irreversible health problems, 
such as dermatological keratosis (skin lesions), malignant tumors in kidney and bladder, 
hypertension, and diabetes mellitus (Wang et al., 2003). Cases of direct, indirect death and a 
significant reduction. in life-span; has been linked with arsenic levels in drinking water 
(Smith et al., 2000). A positive correlation between bladder cancer and arsenic consumption 
has been documented, though more quantitative statistics on life-span studies are needed 
(Bates et al., 1995). One person out of a thousand is estimated to have bladder -cancer due to 
exposure to drinking water containing arsenic levels greater than 10 ~,gL"1 (WINO, 1993). 
After long-term exposure to drinking water containing 10 ~,gL"~ arsenic, the victims' DNA 
fractions are found to have elevated Level of micro-nuclei chromosome abnormalities (Gebel, 
2001). 
Inorganic forms of arsenic in water exist in forms of tri-erotic weak acids. The As{III} 
valence state occurs as H Aso H2AsO " HAsO 2" and Aso 3" with i~1 = 9.22 K2 = 12.13 3 3~ 3~ 3 3 p ~ p ~ 
pK3~ = 13.40. Respectively, the As(V) valence state occurs as H3As04, H2AsO4", HAsO42" and 
AsO43" with pKl = 2.20, pK2 = 6.98, pK3 = 11.60. From the speciation chart~Figure 2.1, it's 
clear that under neutral and acidic conditions, As(III) predominantly exists in the neutral 
H3As03 form, whereas As(V) predominantly exists as the negatively charged H2As04 and 
HAs~42" form. 
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Arsenic contamination in ground water and drinking water has become a severe 
concern in different countries and regions including Bangladesh, West Bengal, the Ganges 
Delta, east-north India, south-western China, Inner-IVlongolia, Chile, North Japan, Taiwan, 
Peru, Argentina, and others (Peterson and Sketchell, 2003). Cost-effective arsenic-removal 
methods are being evaluated and adopted by developing countries. Coagulation-
sedimentation is a popular water~treatment method; however, it requires major facilities, a 
huge footprint and skilled operators. In contrast, adsorption is a small, simple technique 
which is retrofittable on any existing treatment plants, and can even be used by individuals or 
households for arsenic removal for drinking water. Table 2.1 shows a variety of sorbents in 
daily life, that have been evaluated for their As(III) and As(V) removal eff ciency. 
Table 2.1 Arsenic removal efficiency of common-found sorbents 
Adsorbent Dosage (g2) Removal Efficiency (%) As(III) As(V) 
Kimberlite tailing 10 25 
Water hyacinth 10 45 
Wood charcoal 14 19 
Banana pith 10 12 
Coal fly ash 10 20 
Spent tea leaf 10 .25 
Mushroom 10 22 
Saw dust 10 28 
Rice husk ash 10 ~ 5 
Sand 10 15 
Activated carbon 10 5 0. 
Bauxite 10 5 8 
Hematite 10 40 
Laterite 10 ~45 
Iron-oxide coated sand 10 72 
Activated alumina 10 90 
Granular Ferric 
. - 2 Hydroxrdc 
40 
70 
37 
18 
28 
42 
35 
36 
~12 
22 
65 
80 
60~ 
70 
90 
9~b 
92' 99 
. Source : Siddigi, 2003 
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2.1.2 Estrogens: Organic pollutants 
Natural.steroidal estrogens, also known as the C18 steroidal group, share the same 
tetracyclic molecular framework composed of the four rings: A (phenol), B (cyclohexane), C 
(cyclohexane) and D (cyclopentane). The difference within the group lies in the 
configuration of. the D-ring at position C 16 and ~ 1 ~, as estrone has :a carbonyl group on C 17, 
estradiol has a hydroxyl group on C l 7, and estriol has two alcohol groups on C 16 and C 17. 
The C 17 hydroxyl group of the estradiol can either point downward in the molecular plane to 
form 17a-estradiol (17a), or upward in the plane to form 17(3-estradiol (E2). Free estrogens, 
also known as unconjugated estrogens are moderately hydrophobic and poorly soluble in 
water. The primary.estrogen in excretions from humans, swine, and poultry, is 173-estradiol 
(E2); in cattle, the primary estrogen is the mixture of 17(3-estradiol (E2) and 17a-estradiol 
(17a). The estrogenic potency, or estrogenicity of other estrogenic compounds is usually 
measured in terms of E2-equivalent and expressed as EEQ. Estrone (E1) is the first 
metabolite of estradiol in both human and livestock metabolic systems, whereas estriol (E3) 
is a residual metabolite containing relatively little estrogenicity (Threlkeld, 1998). Free 
estrogens (E2, 17a, E1 and E3) have a moderately high octanol-wa#er partition coefficient 
(KoW) ranging from 2.8 — 3.9, which indicates a strong non-polar tendency. to be adsorbed 
onto solids. Structures of the free estrogens 17(3-estradiol (E2) and estrone (E1) are detailed 
in Table 4.1: (see Chapter 4) 
Natural estrogens (El, E2, E3 and 17a) from human and livestock excretions aye 
known for their extremely high estrogenicity compared to synthetic chemicals in municipal, 
industrial and agricultural wastewaters (Hanselrrian et al., 2003). Negative effects of 
estrogens on aquatic species are evident from the failure of male reproductive functions such 
9 
as malformed sperm and decreased sperm count, feminization, triggering of reproductive 
cancers, etc. Baatrup et al. (2001) conducted a comparative study with guppies (Poecil is . 
,~eticulata) by exposing them continuously to 150 µg/L of 4-test-octylphenol (OP) .and 10 . 
µg/L of E~ for one month. OP at 150 µg/L reduced the male guppies mating behavior to 
one-third; whereas 10 µg/L of E2 totally eliminated the male mating behavior., Another study 
exposed medaka (O~yzias latipes), males and females to different estrogenic. compounds 
(Shioda and ~Vakabayashi, 2000). When exposed to the threshold level of 3 mg/L BPA; or as 
low as 1µg/L of E2, male medaka completely Lost their sperm-spawning and egg.-hatching 
ability; whereas several pregnant female medaka died when exposed to 27fl ng/L E2. 
Prenatal fetuses are especially susceptible to even the lowest dosage of natural estrogens. E2, . 
the most otent natural estrogen, has been suspected to be associated with the occurrence of p 
human breast and prostate cancer, and thus listed as a carcinogen by the US Department of 
Health Services: 
Natural estrogen compounds are mainly removed from the aqueous phase by. 
adsorption onto the sludge and solid phases. Free estrogens, which are non-volatile and 
moderately hydrophobic, partition readily from the liquid phase onto the solid phase to a 
large extent following a Freundlich isotherm: 
Qe _ Kfx cel/n (2.5) 
Where Qe: Estrogen uptake on sludge/solid phase, in ng/kg 
Ce: Estrogen concentration in water phase, in ng/L 
K f: Capacity coefficient, in (ng/g)( L/ng)" 
n: Adsorption gradient coefficient, dimensionless 
When n is equal to 1,. the adsorption isotherm becomes linear (Joss et al., 2000: 
10 
Where, Kd: Adsorption capacity coefficient Kf when n is equal to 1, in L/kg 
A higher Kf value indicates a larger estrogen adsorption capacity of the solid, .and Kf
depends on solid characteristics. Different types of sediments and soils are characterized by 
their unique attributes, e.g., sand, silt and clay content, pH, organic carbon content, cation 
exchange capacity, soil surface area, etc., which lead to different Kf and n coefficients. Kf is 
considered a primary adsorption parameter for understanding the estrogen-solid interaction. 
Kf values are usually determined by bench-scale column tests. When the adsorption reaches 
pseudo-equilibrium, the residual estrogen concentration in the liquid phase (meeasured as Ce), 
and the estrogen uptake in the sludge/solid phase (measured as Qe), are fitted into equation 
(2.6). The linear form [equation (2.7)], with log Kf as the intercept, can ~be determined by 
plotting logCe against logQe: 
logQe =log Kf + 1 /n logCe (2.7) 
Table 2.21ists the K f values of different soil types for E 1 and E~, where K f varies .from 4 
(sand) to as high as 667 (Labelle silt loam). It is apparent that K f  is strongly correlated to the 
organic content of the sorbent, as pure sand, silt, and clay contain no organic matter, and thus 
are poor adsorbents of estrogens; whereas Labelle silt loam, which contains the highest 
organic matter, proves to be the best sorbent for free estrogens. Furthermore, Kf also exhibits 
a direct correlation with the specific surface area. The higher the surface area, the more 
binding sites per unit solid, and the better the a~d.sorption effect. Kf is also somewhat 
correlated ~ to clay and silt contents of the soil, as it -can be seen that the more the clay and silt 
the soil consists of, the higher the Kf value. Vlore systematic research is needed t~ further 
11 
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2.2 Detection of NOTT by Mass Spectrometry Technique 
Mass spectrometry is an analytical technique which allows the qualitative and quantitative 
analysis of target component in a complex matrix {Harrata, 1996). It is the study ~of gas-~l~ase 
ionized molecules by creating amagnetic-gravity field where the single-charged ions are 
separated (z=1) and quantified by their unique mass{m)-to-charge(z)-ratio (m/z), or 
molecular mass. Atomic and molecular masses are assigned relative to the mass of ~~ie 
carbon isotope, 12C and its atomic weight is exactlyl2 daltons (1 dalton = 1.661 * ~0"~4 g). 
Units and processes of a mass spectrometer are shown in figure 2.2: 
~~ ~~~~~ I~t~~ lcr~ ~~rtir~~ I~r~ ~~t~~ti~r~ 
o ;:~ a:~ ;~; 0~ 
r: 
:. 
4 
~~r~~l~ Ir~tr~~U+ct~~ar~ 
t ~ 
a ~.£ 
t 
~~tJUr~ l~Ut7~~~ 
~r 
,f~ q 
a~~o' o° °.~' 
~~'., . ,,̀G e .O,~r 
~ C~~t~ ~~~~t~r~t 
t~~s~ ~~~ctrurY~ 
Figure 2.2 Mass spectrometer functional components 
(Source: American Society of Mass Spectrometry; 2001) 
There are different ionization methods available depending on the samples' chemical, 
physical and biological properties. In the case of naturally occurring trace toxins, two 
ionization modes are usually selected: electron impact ionization (EI) and chemical 
'ionization (CI). 
1.3 
In the EI mode, sample molecules (M) are bombarded by fast-moving electrons (e) at 
70eV. This results in the formation of single positively-charged ion [M]+ by dislodging one 
electron from highest-energy orbital. See equation (2.8): 
Some molecules decompose and form fragments, which are called "daughter ions." 
Molecular ions formed in EI rnode are odd-electron ions. However, in some cases when a 
molecular-ion peak cannot be observed in EI mode, CI mode can be used to get molecular-
ion information. Reaction in CI occurs between ionized reagent ..gas molecules (G) and 
sample molecules (M). See equations (2.9a) and (2.9b): 
GH+ + M  Positive ion mode ~ [MH]+ + G ~ ~ {2.9a) 
GH - + M  negative ion mode ~ [MH] - + G (2.9b) 
In the case of CI mode, molecules react with reagent .gas, resulting in a higher amount of 
[MH]+ or [MH]- than EI mode reaction product .[M]+, whi-ch renders CI mode much more 
sensitive than EI mode. The main reagent gases in positive CI mode are: ammonia (NFI3), 
methane CH4) and isobutane (C4H~o), with expected molecular ions are [l~~INH4]+,. ~[MH]+, ( 
and [MGRS]+, respectively. In negative CI mode, the expected molecular ion is always [MH]~. 
For the detection of a single compound in a mixture,. separation techniques must be 
used prior to the analysis by mass spectrometry. Specific separation techniques available for 
the purpose of this study include gas chromatography ~(GC), which was first introduced in the 
1960s, and inducted coupled plasma (ICP), which was first introduced as an ion source for 
MS in the 1980s by Dr. Robert ~-Iouk of Iowa Mate ~Jniversity (I-Iouk -et al., 1980). The use of 
ICP-MS for detection of elemental metal or metalloid. is described in chapter 3 (section 3.3.3 ), 
14 
and the use of GC-tandem-MS for detection of steroidal estrogens is elaborated. in chapter 4 
(section 4.3). 
2.3 Removal of NOTT by Adsorption Technique 
Sorption refers to the phenomenon of mass transfer and accumulation from bulk 
solution to solid surface at the solid-water interface (Seader and Henley, 1999). The 
transferred mass is called "sorbate" and the solid responsible for mass accumulation is called 
"sorbent." Different from precipitation, which includes the 3 -dimensional. spatial molecular 
structure change, sorption only deals with 2-dimensional plane molecular rearrangement on 
sorbent surface (USEPA, 1999). Factors affecting the adsorption rate include nature of the 
sorbate, the surface area of the sorbent, and the surface tension of the solvent that the sorbate 
was originally in before ~ sorption (Kumar et al., 2004}. 
In the removal of inorganic metals and metalloids from drinking water, 
precipitation/co-precipitation methods are widely used as they fit readily into the existing 
coagulation-sedimentation system. However, to comply with new, more stringent EPA 
regulations, treatment of the heavy metal and metalloids by precipitation operation need strict . 
conditions to achieve trace level removal. Sometimes, a slight calculation error in p~-I 
adjustment, or under or over-dosage of precipitant will result in failure to remove toxins at . 
trace levels (USEPA, 2002). In contrast, the adsorption techniques are much less sensitive to 
operation conditions. It is also retrofittable on any operation size, including household use 
(USEPA, 2002). The adsorption techniques have been applied to remove meta.Is and organic 
compounds from drinking water and also in groundwater in-situ remediation. In~ a typical 
drinking water treatment setup, adsorption plays an important role, as shown in Figure 2.3. 
1~ 
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Figure 2.3 Adsorption process flow diagram 
(Source: USEPA, 20fl3) 
The effect of pH, temperature, sorbent dosage and competitive anions on~ adsorption of an 
inorganic NOTT, arseni~c(V), is discussed in chapter 3. The sorption equilibrium of an 
organic NOTT, steroidal estrogen, is discussed in chapter 4. 
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CHAPTER 3. MODELING OF ARSENIC(V) ADSORPTION BY GRANULAR 
FEF~RIC HYDROXIDE (GFH) 
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3.1 Abstract 
Granulated ferric hydroxide (GFH) adsorption is a relativ-ely simple retrofit water-treatment 
technology and has been studied to determine the kinetics and thermodynamics for arsenic 
removal. The effects of temperature, pH, turbulence and concentration of competitive anions 
were evaluated~in the experiment. Adsorption was successfully modeled using the Freundlich 
model. The important parameters, such as the activation energy and adsorbent capacity 
coefficients, were calculated under different conditions. Overall test results have shown that 
GFH has a significant adsorption capacity for axsenic(v) . various anions such as phosphate, 
silicate, vanadium, and selenium were shown to have different adverse in~.pacts on arsenic(v) 
removal with GFH. The results axe useful for industrial optimization of adsorbent column 
deployment. 
Key words 
arsenic, adsorption, competitive anions, granulated ferric hydroxide, adsorption kinetics, 
adsorption isotherm 
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3.2 Introduction 
Arsenic (As) is the 20~h most abundant element naturally occurring in the earth's crust. As an 
. acute and chronic contaminant, arsenic is present at Levels of over ~0 ppb in some. surface 
and ground waters of 24 states. of the United States (USGS, 2005). Long-term exposure to 
arsenic via drinking water may cause cancer of the skin, lungs, urinary blad~d.er, and kidneys. 
Increased risk of lung and bladder cancer and of arsenic-associated skin lesions have been 
observed at drinking-v~~ater arsenic concentration levels of ~ 0 ppb (Smith et a1., 2000). The 
sources of arsenic contamination in drinking water are from boat-h natural and anthropogenic 
sources. Uncontrolled discharge of wastewaters from industry, such as herbicide and 
pesticide manufacturing, acid mine drainage (Fukushi et al., 2003), and metallurgical 
operations and ceramics production (Berg et a1., 2001), are other sources of arseni~c~ . 
contamination of groundwater. 
The US Environmental Protection Agency (USEPA) has adopted. a new standard of 
arsenic maximum contaminant level (MCL) in drinking water of 10 ppb, replacing the old. 
standard of 50 ppb. The rule became effective in 2002, and this regulation took fulleffect in 
a11.US drinking water municipal treatment and distribution systems on "January 23; 200 
(USEPA, 2001). This change necessitates research on new effective arsenic removal 
methodologies and their industrial applications. Adsorption is a promising technology, 
mainly because of its simplicity and small footprint and its ease of retrofitting on existing 
plants. 
Arsenic is present in aqueous solutions in the neutral or anionic charged oxyanion . . 
forms of two. oxidation states: As(III) as H3As~Q3°, H2As03", HAs032" and As033", As(V) as 
H3As04°, H2As04", HAsU42" and As043". As(III) usually goes through an oxidation step to 
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form As(V), through the use of oxidants in water treatment such as permanganate, chlorine, 
ozone (USEPA, 2002), and Fe(VI) {Lee et al., 2003). Possible treatment methods for the 
removal of As(V) could be coagulation by Fe(III) or AI{III) salts (Meng et al., 2000), ion 
exchange (Impellitteri, 2004), membrane desalination (Volche~k, 2003), and adsorption. The 
adsorbents of As(V) employed in water treatment plants are usually aluminum or iron based. 
The aluminum-based adsorbents used axe activated aluminum (AA) (Lin and wu, 2001), 
mesoporous alumina (Kim et al., 2004), and aluminum-impregnated activated carbon (AC). 
The iron-based adsorbents are ferric oxides/hydroxide (Pierce and Moore, 1982; F~endorf et 
al., 1997; Raven et al., 1998), ion-conditioned zeolite {Onyango et al.; 2003) and ferric oxide 
impregnated AC (Ronald et al., 2005; Gu et al., 2fl05). Earlier studies have revealed -that the 
adsorption capacities of iron-based adsorbents were less influenced by solution pH change 
than the aluminum-based adsorbents (Goldberg &Johnston, 2001; Goldberg, 2002). 
A newly developed iron oxide-based medium has been found to be a potential sorbent 
for arsenic (V) (Driehaus, 1998; Driehaus, 2000; J~ek~el and Smith, 1999; Banerj~ee 2003 [a]; 
Banerj ee, 2003 [b]; Banerj ee, 2004; ~ Pal, 2001; Thirunavukkarasu et al., 2003 ). Sorbent 
evaluation serves an important purpose for adsorption process design, and only a few studies 
=were found to verify~the GFH adsorbent performance in a systematically designed evaluation 
process. In order to design an efficient adsorption process, information pertaining to the 
impacts of co-occurring contaminants on the arsenic removal capacity of the sorbent is 
required. At present, limited information is available . 
This research was aimed at evaluating the adsorption efficiency and capacity of 
As(V) by GFH through systematically designed kin~eti~cs and isothermal experiments, and 
also to evaluate the interference effects of competitive anions under various conditions. The 
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authors conducted a series of bench-scale jar tests for better understanding the intrinsic solid-
water interface reactions between As(V) oxyanions and GFH surfaces. The study also 
included the influence of temperatures on the adsorption kinetics, and the influence of pH 
values, turbulence (mixing speed), and interference anions on the adsorption isotherm. 
3.3 Experimental Procedure 
3.3.1 Chemicals and materials 
Granular ferric hydroxide (GFH) (GEH-Wasserchemie, Gertzany) was used as the adsorbent 
for arsenic(V) removal. The material is predominantly akaganeite, an iron oxide mineral of 
(3-Fe00H. The particle size distribution of as-received GFH was measured with a set of 
standaxd sieves. Dry GFH particles for N2 BET suxface tests were obtained after drying the 
GFH particles overnight in an oven at 120°C. The GFH adsorption kinetics and isotherms 
were determined using jar-test methodology. 
Sodium arsenate (Na2HAs04.7H2O), bicarbonate (NaHCO3), sodium diphosphate 
(NaH2PO4), sodium silicate (NaSiO3.9H2O), vanadium trioxide (V20 3), vanadium pen~o~ide 
(V20 5), and sodium selenite (Na2Se03) were all reagent-grade chemicals and purchased from 
Fisher Scientific. Arsenic stock solution at 10 ppm as As, bicarbonate stock solution at 2 
mM, sodium silicate stock solution at 5 gL"i as silica (Si02) (kept at a pH of about 11.7 by 
addition of NaOH), vanadium trioxide stock solution at 10 ppm as V, vanadium pentoxide 
stock solution at 10 pprri as V, and sodium selenite stock solution at 5 ppm as Se, were rr~ade 
from dissolving respective chemicals into deionized (DI) water. Analytical-grade buffer, N — 
N — Bis (2 — hydroxyethyl) — 2aminoethanesulfonic acid (BES) was purchased from Sigma. 
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3.3.2 Adsorption test 
Isotherm tests were conducted to evaluate the arsenic(V) removal efficiency of GFH under 
different adsorption conditions including variation in pH, stirring rate, GFH adsorbent 
dosage, and addition of competitive ions at different initial concentrations. Ajar tester 
(Phipps &Bird PS-700TH model) was employed at two stirring rate settings: slow, ganging 
from 0-20 rpm, and fast from 100-200 rpm. The.first step was to prepare an arsenic{V) 
solution by diluting a mixture of 10 ml As(V) stock solution, 2 mM bicarbonate ion, 2.133 g 
BES buffer and competitive anions at specified concentrations with de-ionized water into 
1000 ml solution. In order to generate clear isotherm curves, the initial arsenic(V) 
concentrations of all samples were set at 100 ppb level which was regarded as an upper limit 
of natural occurring arsenic levels in most regions of the US (Ryker, 2001). Secondly, the 
solutions were adjusted to the desired pH values (6.5, 7.5) with addition of D.l M NaOH or 
HCI. GFH adsorbents, at predetermined dosages ranging from 0 #o O.Sg/L, were then 
precisely weighed and transferred into the jars. Two stirring rates, 100 and 150 rpm, were 
used during the adsorption test. The tops of all beakers were sealed with stretchable plastic 
film to minimize possible evaporation (see Photo A1). Finally, the samples were re~:rieved 
after 24 h of equilibration. Kinetics tests were conducted in a 500 ml sealed bior~eactor 
connected with atemperature-controlled waterbath to evaluate the As(V) ~e~noval efficiency 
of GFH {over dosage) under conditions including adsorption.ti~ne aid temperature jsee Photo 
A2). GFH dosage of O.Sg/L was emplayed, under temperatures from 0 to 45°C, and samples 
were retrieved periodically. Collected samples were passed through a 0.45µm membrane 
filter (provided by Millex) into 10 ml labeled via3s for As(V) measurement. pH values were 
measuxed before and after the expe~mer~t. 
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3:3.3 Arsenic measu~en~ent 
Arsenic measurement at microgram per liter {or ppb) level is a challenge for the silver 
diethyldithiocarbamate method (Standard Methods, 20th ed.) of which the limit of detection 
did not fulfill the experimental needs.. Therefore, the residual arsenic concentrations were 
collected in 10 inl vials and analyzed with the inductively coupled plasma- mass 
spectrometry (ICP-MS) technique using a Hewlett Packard 4500 programmable model. The 
limit of quantification (LOQ) could reach as low as 0.14 ppb (USEPA, 1994). Calibration 
was realized using standard As(V) solutions at concentrations of 0, 1, 10, 25, 50 and 100 ppb . 
for thermodynamics, and was set at concentrations of 0, 5, 30, 75, 150 and 300 ppb. 
3.4 Results 
3.4.1 GFH cha~~acte~ization 
Raw granulated ferric hydroxide consists ~of brownish-black particles, containing a 48% 
water as a mass fraction. The liquid N2 BET surface test revealed that specific ~ surface of dry 
GFH particles was 250-280 m2/g. GFH particles as received were passed through a set of 
consecutively numbered .standard sieves v~ith apertures ranging from 0.5 0 to 2.00 mYn. The 
fractions were weighed carefully to yield the GFH particle size .distribution histogram shown 
in Figure 3.1. The particle size distribution shape fits into a reasonably normal distribution, 
and the majority of GFH is within the particle size of 1.00-1.70 mm. The homogeneity of the 
as-received GFH particle size and the large specific surface area of the GFH adsorbents are 
keys to the GFH high adsorption capacity of As(V) in aqueous solution. - 
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3.4. 2 Impact of pH and BES buffer 
ICP-1VIS determination of As(V) in standard solutions from 1 to 100ppi~, and from 1 to 300 
ppb correlated strictly lineaxly with their respective concentrat~ox~s with R2 greater than 0.99,- 
which indicated that the As(V) sample concentration detected by ICP-MS within the range of 
1-~00 ppb was. accurate.`: BES buffer application at 1 g/L.did not interfere with the As(V) 
detection. 
As(V) exists in the aqueous phase as ~ a triprotic acid H3As04°, which dissociates into 
three oxyanions , H2As04-, HAs042- and As043-. The anion distribution is strongly dependent 
on the solution pH value, based on the .dissociation constants for the .As(V) species, shown to 
compare the effect of adsorption at different pH values. H2As04- dominates at pH from 2.5 
to 6.8 and HAs042- dominates at pH from 7.2 to 11.5. A preliminary adsorption test was 
carried. out at an initial arsenic (V) concentration of 1 OO~,gL-l. With the addition of BES 
buffer, pH value will not fluctuate more than 0.05 before and after the adsorption. Residual 
As(V) concentration at 12 ~ h and 24 h had a difference of no more than 2%, the~•efore, the 
pseudo-equilibrium state is assumed at 24 h contact. The adsorptive removal efficiency 
(ARE) defined as removed fraction is 
Co --Ce ° 
ARE = x 100 /o 
Co
.~ where C° and, Ce are the initial and equilibrium concentration in the water phase, 
respectively. 
3.4.3 Kinetics 
The typical solid-water adsorption kinetics of As(V)~aq~ onto GFH(s) can k~e written as 
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AS(V)(ay) + = Fe — OH~S~  '`~ > = Fe — As(V)~S~ (3.2) 
where As(V)~aa~ is the residual As(V) in aqueous solution regardless of ionic form, 
Fe — OH~S~ is the Fe(III) surface form in GFH available for As(V) adsorption, 
Fe — As(V)~S~ is the As(V) in solid form that i~as been taken up by GFH. 
kaas is adsorption reaction rate coefficient in 
{µM)i-a-b h-1 
The stoichiometric coefficients of the overall reaction were not shown in the above equation 
because they do not affect the reaction kinetics aid order of the reaction ~Snoeyink and 
Jenkins, 1980). The kinetics equation determined by the kinetics rake kaas can be written as, 
dt kaas 
LAs(V)~a~ ]a ~_'Fe — OH~S~ ]b (3.3) 
where a, b are the constants in terms of reaction order, and t is time in hours. 
Thus the kinetics can be viewed strictly as ath order with respect to As(V) , bah order with 
(aq) 
Fe — OH~S~ ,and (a+b)th order overall. 
In the experimental system, an added dosage of 0.1 g/IJ GFH is equivalent to about 1 mM 
Fe --OH S . If one assumes that the GFH particles are spheres with diameter of 1µm, the (} 
number of GFH particles can be determined given 1 L water of 0.1 g/IJ GFH d.o~sage. The: total 
outer surface areas of these spheres are estimated to be around 3~0 m2/g. Initial concentration 
of As(V} is at 300ppb or 4µM. Thus, it i~s reasonable to assume that adsorption site is 
(a9) 
~. -much greater compared to sorbate molecules, that is, 
[ ̂  Fe —OH S ] » [As(V) ] (3.4) . () taq) 
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Therefore, equation (3.3) can be simplified as, 
dAsV C (aril  = _leads ~AS~V~(acil 3adt 
(3.5) 
where k ~ = k [= Fe — OH ] b is the pseudo ath order rate constant in terms of As(V) ~ . ads ads (s) (aq} 
Our results indicate that the residual As(V) concentration As(V)res dropped sharply within the 
first 90 minutes of adsorption, then .gradually slowed. The kinetics of As(V) adsorption onto 
GFH in aqueous solutions strictly conformed to a pseudo second-order decay with a 
correlation coefficient greater than 0.98, as shown in Figure 3.3 by plotting residual As(V) 
concentration against time. 
d[AS(V)~a~ 
k~AS~v~~a9) 
~2 
dt 
The second order kinetics in linearized form is 
1 1 
(3.6) 
+let (3.7) 
where As(V)o is the initial As(V)(aq~ = 300µgL-~, or 4µM, and As(V)res is the residual 
As(V)(aq~ concentration in the aqueous phase. The apparent adsorption kinetics rate constant, 
1 
k, as expressed In equation (6) and (7) is the slope k ads , a~ plotted against time is 
shown in Figure 3.4 (a). This is in accordance with the literature when the metal oxides 
sorbent is over dosed (Kim et al., 2fl04; Jang et al., 2003; Onyango et al., 2003). 
3.4.4 Isotherms 
A mass balance for axsenic(V) in liquid-solid phase yields: 
ffi(~e -I' VCe = VCp (3.8) 
27 
The solid phase As(V) concentration Qe, also called GFH uptake, is therefore determined as: 
Qe = V~Cp — Ce~/Tll (3.9) 
where Co and Ce are initial and equilibrium As(V) concentrations in water phase in µg/L, 
respectively; V is volume of water solution in L; m is the GFH adsorbent dosage in g/L; Qe is 
the solid or sorbed phase per unit As(V) onto unit GFH in ~,g/g. 
The adsorption pattern of As(V) onto GFH can be evaluated by the relationship of Ce and Qe, 
which can be modeled by several isotherms as follows: 
The empirical Freundlich isotherm can be expressed as 
Qe = Kf x Ce~~" (3.10) 
where Kf is Freundlich adsorption capacity coefficient in (µg/g)( L~µg)", 
n is the dimensionless adsorption gradient coefficient. 
Kf and n can be calculated by the Freundlich linearized form as 
logQe =1ogKf +~1/n~logCe ~ (3.11) 
when n = l ,the Freundlich model is reduced to the linear model, 
K d —K~= Qe 
c e ~ . .. 
where Kd is the As(V) sorbed/aqueous partition coefficient in (~,/g). 
The mono-layer Langmuir isotherm is expressed as 
mCeKL
l+mCe
(3.12) 
(3.13) 
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where KL is the Langmuir adsorption capacity coefficient in µg/g which indicates the 
maximum As(V) uptake at the mono-layer, ~n is affinity coefficient between As(V) and GFH 
surface. The values of KL and m can be calculated by L~ngmuir linearized farm as 
1 1 1  1 
_ + • 
Qe m m.KL Ce
The multi-layer BET isotherm. is expressed as 
Qe pKsETCe C 
(Co —Ce~~l+KsET — G,e
0 
(3.14) 
(3.15) 
where KBET is the BET adsorption capacity coeff cient which indicates rriaxim~m possible 
As(V) adsorbed in the complete layers, p is an affinity coefficient related with energy of 
interaction between As(V) and GFI~. The values of ~sET and ~ can be calculated by BET 
linearized form as 
c e 1  KBET —l i c e 
Qe~C O -C e~ p K BET p K BET C O 
3:16) 
A set of equilibrium experiments were performed with As(V) adsorbate at initial 
concentration of 100 µg/L, and GFH adsorbent at different dosages of ~0, 0.025, ~0.0~, 0.075, 
0.1, 0.15, 0.25 and 0.5 g, respectively; pH values set at 6.5 and 7.5; and turbulence resulting 
from 1 OOrpm and 15 Orpm of the stirrers. The resultant adsorptive removal ~effici~encies 
(ARE) plotted against GFH dosages are shown in Figure 3.5. Atequilibrium state, the As{V) 
remaining in water and As(V) partitioned onto GFH sorbent, as expressed in Ce and Cs,.were 
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fitted into the Freundlich, linear, Langmuir and BET models (Figure 3 . ~ a-d), respectively. - 
The pertinent coefficients of these models are shown in Table 3.2. " 
The deviation from the. models have been expressed. by their respective correlation 
coefficients R2, which is the variation of the data points fitted into the linearized models 
plotted in Figure 3.5. The fit of data into original models were plotted in Appendix ~Figur"e 
A 1 N4. The Freundlich and BET models provided ,good fit, while the linear and Langmuir 
models did not fit well. ~VlThile the Langmuir assumes "mono-layer" adsorption, the BET is 
based on "multi-layer" assumption so that BET can be derived mathematically from the 
integration of the Langmuir form. This is significant, as the data exhibited an excellent fit for 
the BET - (Figure 3.Sd, Table 3.2). This could indicate that As(V) adsorption onto GFH was 
likely to occur in multi-layered fashion. The fit was best at a lower pH, which might indicate 
that the monovalent anion might be more inclined to adsorb in a multilayered sequence than 
the divalent ion. Since the Freundlich model achieves the best R2 under all four conditions, 
As(V) adsorption onto GFH can be described as heterogeneous, generally multi-Layer, non-
linear adsorption. The Freundlich model was used to evaluate the adsorption process for the 
rest of the study, for convenience and accuracy. 
The results .indicate an increased adsorption at lower pH values" and with increased 
turbulence. For example, ARE at turbulence of i 00 rpm was raised from 67.32% at pH = 
7.5 to 93.34% at pH = 6.5, and at a turbulence of 1 SO rpm, was further raised to 95.63%, at a " 
GFH dosage of 0.1 g/L (Figure 3.4). Accordingly, at 100 rpm, the Freundlich capacity . .. 
coefficient Kf value was increased from 199 at pH = 7. ~ to 3 93 at pH = 6. ~, and~~~at "15 0 rpm, 
Kf was further increased to 501 at pH = 6.5 (Table 3.2). The capacity coeff%cient Kf, as the 
model-fitting result to reveal the intrinsic pattern of equilibri~rn As{V) aqueous/GFH 
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partitioning, is independent of the applied. GFfI adsorbent ~.osage. Therefore, capacity 
coefficient Kf is a better indicator to predict adsorption progress than APSE.. 
3.4. S .impact of competitive anions 
The nature's most abundant anions, such as bicarbonate, chloride, sulfate, and nitrate are 
evaluated at 2mM in the preliminary test and no obvious interference could be ~flbserv~d. I~ 
was also assumed that natural organic matter, mostly dissolved. organic carbon, has been 
efficiently removed in coagulation-precipitation process prior to adsorption in the drinking 
water treatment. However, inorganic salt anions, such as phosphate, silicate, vanadium and 
selenium can compete with arsenic adsorption onto GFH. Phosphate and silicate commonly 
occur in retreated groundwater as weak acids in the forms H3PO4°, I-~2PO4-, Hi'O42-; PO43-; p 
H2SiO3°, HSiO3-, SiO32". Vanadium(III) and (V), selenium(IV) also exist in drinking water in 
the forms H3VO3°, H2VO3 , HVO32 , VO33 ; H3VO4°, ~-I2VO4 , HVO42 , VO43 ; .and H2SeO3°, 
HSe03", Se032-. Trace element amounts at 5 ~ 25 ppb, V(III), V(V) and Se(N) induce 
adverse effects on human health and are therefore undesirable in drinking water (US~PA, 
2001). The similarity of the phosphate, silicate, vanadium and seleniutri species could b~ 
expected to interfere with the As(V) adsorption onto GFH. The interference effects o~ 
competitive anions were evaluated by two- component tests: including tine equilibrium of 
As(V) and single competitive anions, and three-component tests: i.e. the equilibrium of 
As(V) and multiple competitive anions. The initial dosage of competitive anions applied in 
the experiment corresponds to their naturally occurring levels in •drinking water prior to 
adsorption: phosphate as PO4 at the level of 25100 µg/L; silicate as Si02 at t ie level ~f 
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1550 mg/L; and vanadium (III) and (V) as V and selenium (IV) as Se both at the level of 
525 µg/L (USES, 2000). 
The adsorption results showed a decrease of the As{V) adsorption efficiency with the 
increased initial concentration of the competitive anions. For example, at a GFH dosage of 
O.OSg/L under pH = 6.5 and turbulence = 150rpm, As(V) adsorptive removal efficiency, 
decreased from 79% to 40% with interference of 100ppb PO4, and dropped further to 15% 
with additional interference of 30mg/L SiO2. The impact of the competition from these 
anions were shown in Figure 3.6 (a) — (g). The interference effect on GFH As(V) adsorption 
from strong to weak is: SiO2 > V(III) > Se(IV) > PO4 > V(V). 
3.5 Conclusions 
• The rate of As(V) adsorption onto GFH fits a second-order reaction with all correlation 
coefficients greater than 0.98, under all tested temperatures from 0°C to 4~°C at an 
overdosage of GFH to As(V) in molar ratio. The second order kinetics constant obtained at 
room temperature (23.9°C) was 0.2674 (µM•h)-l. The kinetics constants increased with the 
increase in reaction temperature. The activation energy of As(V) adsorption onto GFH was 
calculated to be 36.37 kJ/mole: 
• The As(V) adsorption onto GFH surface is non-linear, heterogeneous and multi-layered; 
adsorption reaches equilibrium after 24 h at room temperature. 
• The excellent fit of the BET model indicates that the adsorption might be multilayered. 
The Freundlich isotherm had the best fit to the adsorption data of As(V) on GFH. The 
As(V) adsorption capacity of GFH, as expressed through the Freundlich capacity 
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coefficient Kf, achieved a maximum value of 500 (µg/g)(L/µg)n  at a pH = 6.5 and 
turbulence = 150rpm. 
• GFH favors the adsorption of the monovalent H2AsO4- ion over the divalent HAsO42-, as in 
the range of pH from 6.5 to 7.5, a lower pH favors As(V) adsorption. 
• As(V) adsorptive removal on GFH increases with higher turbulence - a higher stirring rate 
within the range of 100 to 150 rpm illustrated this. 
• As(V) adsorption on GFH was adversely affected by competitive anions PO4, SiO2, V(III), 
V(V) and Se(IV). The GFH As(V) adsorption efficiency and capacity both decreased with 
the increase of competitive anion initial dosage and types. Given the dosage of the 
competitive anions in the experiment, the interference effect of competitive anions on GFH 
As(V) adsorption from strong to weak is, SiO2 > V(III) > Se(IV) > PO4 > V(V). 
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3.8 Tables and Figures 
Table 3.1 Pertinent coefficients for As(V) adsorption kinetics onto GFH surface 
As(V) residual concentration in µgL-1 at different temperatures 
Time(h) 
0°C 10°C 17°C 25°C 30°C 37°C 45°C 
0 300.00 300.00 300.00 300.00 300.00 300.00 300.00 
0.33 273.93 250.39 242.12 217.18 205.76 178.96 150.52 
0.67 251.42 213.94 201.97 169.09 1.55.44 126.41 99.46 
1 232.85 187.45 173.97 139.17 125.63 98.37 74.83 
1.5 209.41 157.84 143.77 109.75 97.34 73.63 54.41 
2 190.26 136.31 122.51 90.60 79.45 58.83 42.74 
3 160.84 107.10 94.54 67.16 58.09 41.97 29.92 
4 139.30 88.19 76.97 53.36 45.79 32.61 23.01 
6 109.87 65.18 56.11 37.81 32.16 22.56 15.74 
8 90.71 51.70 44.15 29.28 24.79 17.24 11.96 
12 67.25 36.56 30.95 20.18 16.99 11.72 8.08 
k 0.0727 0.1429 0.1752 0.2674 0.3432 D.5268 0.686 
(µM•h)"' 
R2 >0.99 >0.99 >0.99 >0.99 >0.99 0.98 >0.99 
3fi 
Table 3.2 Pertinent coefficients determined at different pH and turbulence for 
Freundlich, Langmuir, BET and Linear models 
Model Coefficients\Conditions pH = 7.5, 
150rpm 
pH = 7.5, 
100rpm 
pH = 6.5, 
150rpm 
pH = 6.5, 
100rpm 
n 2.12 2.87 2.68 3.11 
Kf 215.18 198.2 500.61 392.92 
Freundlich (µg/gj( L/µg)n
R2 0.99 0.98 0.99 0.97 
KL 0.21 0.47 2.50 1.83 
(µgg 1) 
M 1111 667 1000 909 
Isotherm Langmuir 
R2 0.91 0.98 0.90 0.91 
Models 
KBET 401 19 33334 39 
P 623 263 1000 513 
BET 
R2 0.97 0.94 0.99 0.95 
Kd 20.1 9.9 31.2 15.9 
(L/g) 
Linear R2 0.94 0.96 0.80 0.77 
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Figure 3.1 GFH Particle size distribution histogram 
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CHAPTER 4. SORPTION OF FEMALE STEROIDAL HORMONES ONTO TV~'O 
IOWA SOILS: DETECTION AND MODELING 
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4.1 Abstract 
Female steroidal hormones, e.g. 17~i-estradiol (E2) and estrone (El), are the most 
potent natural estrogenic compounds, and are raising serious environmental concern due to 
their potential to disrupt the endocrine system of all living beings including humans. These 
hormone compounds are excreted by human beings and livestock —through urine and feces. 
Adsorption plays an important part in the determination of estrogen distribution in the solid-
water interface during land application of biosolids and animal manure. Thus, this research 
studies the adsorption of E2 and E1 by two Iowa soils: Hanlon and Zook in a series of batch 
tests. The results reveal that in both the cases, the adsorption was successfully modeled by 
both Freundlich and linear isotherm models. The partition coeff dent Kd values were 
determined for both E2 and E1. The estrogen sorption intensity was correlated strongly with 
the organic carbon (OC) content of the soil. The partition coefficients log Koc and log Kow of 
both E2 and E1 were calculated and compared with earlier studies. The results provide 
important baseline parameters for future column transport and E2 to E 1 transformation 
studies. 
* Corresponding author: samirk@iastate.edu, 515-294-7089. 
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4.2 Introduction 
Natural steroidal estrogens are the most potent group ofendocrine-disrupting chemicals. 
They are capable of disturbing the endocrine systems responsible for the growth, 
development, behavior and reproduction of all living beings at a very low concentration 
(USEPA, 2001). Natural estrogens in the environment are contributed by both human beings 
and livestock through urine and feces. While human excretion goes through sewage 
treatment plants for treatment and generates treated effluent and biosolids, livestock manure 
is usually disposed directly to the agricultural land without much pretreatment, as such 
treatment is not required for concentrated animal feeding operations (CAFO) as long as the 
waste is not directly discharged into water bodies (USEPA, 2002). Livestock manure-
derived estrogen contributes up to 90% of the total estrogen contribution to the environment 
(Raman et al., 2004). The land application of livestock manure not only introduces 
estrogenic pollutants into the soil, but it also potentially contaminates the adjacent streams 
and water bodies through surface and subsurface runoff. In several field experiments, Shore 
et al. (1995) identified detectable level of 173-estradiol in the aquifer under amanure-
amended field, and the concentration of 17(3-estradiol in surface runoff reached as high as 37 
ngL-I. It has been well documented that male f sh in estrogen-polluted water bodies even at 
ngL"1 concentrations were sexually inhibited {fail to produce sperm) or even reversed 
(produce female protein, vitellogenin) (Purdom et al., 1994; Tyler et al., 1998). 
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Iowa is a leading pork producing state in the nation and generates about 33 to 39 
billions pounds of manure annually from its 15 million heads. The manure is mostly applied 
to agricultural land as bio-fertilizer (www.awionline.org). CAFOs do not require manure 
treatment before land application as long as it is not directly discharged into water bodies. 
Thus, an estimated c. 200 kg 17(3-estradiol-equivalent steroidal estrogens enter the Iowa 
landscape annually through land application of swine manure (Lange et al., 2002; USEPA, 
2002). Steroidal estrogen runoffs from manure-amended land were found to impact surface 
and ground water quality in 54 out of 138 cases in the 1999-2000 investigation by United 
States Geological Society's survey (Koplin et al., 2002). Several studies reported the 
disruption of endocrine systems in aquatic species, e. g. fish (trout, salmon, minnows, etc.), 
frogs, seagulls, panthers, alligators, etc. by estrogen hormones (Guillette et al., 1994; 
Facemire et al., 1995; Lye et al., 1997; Jobling et al., 1998). 
The transport and fate of natural steroidal estrogens in the environment, especially in 
soil and their potential to contaminate water bodies, has not been investigated well. 
Adsorption plays an important role in determining the fate and transport of hydrophobic 
organic pollutants through the soil-water systems (Johnson, 1999). The most widely detected 
natural estrogenic compounds in swine manure are: 17~-estradiol and estrone. Estradiol is the 
primary form of estrogens and possesses the highest potency. Estrone is the oxidation 
product of 17~i-estradiol and possesses biological activity of 0.3 — 0.5 that of 17~i-estradiol 
(Hanselman et al., 2003). Based on this premise, 17(3-estradiol and estrone were selected as 
target estrogens in this adsorption study. 
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4.3 Experimental section 
4.3.1 Soil samples 
Two Iowa soils —Zook and Hanlon were selected as sorbents. These soils represent 
.two extreme conditions in the USDA soil texture triangle: Zook has a high clay content, 
while Hanlon is mostly composed of sand. The soils were air. dried and particles with greater 
than 2-mm diameter were removed before the sorption experiments. The particle size 
distribution of the. soil samples was determined at the Soil and Crops Laboratory, Agronomy 
Department, Iowa State University. The total organic carbon and total organic nitrogen 
contents were determined by high temperature combustion using a LECO CHN-2000 C-N 
analyzer (LECO Corp., St. Joseph, MI, USA). The typical physical-chemical parameters of 
the soils are presented in Table 4.1. The pH value was measured by using a 1:1 soil :water 
ratio. 
4.3.2 Estrogen so~bates and chemicals 
Analytical-grade (>99% purity) of 17~i-estradiol and estrone were obtained from 
Sigma-Aldrich chemicals (St. Louis, MO, USA). Stock solution of 173-estradiol at 1 ~ mg/L 
was prepared by completely dissolving 0.015 g 17~i-estradiol into 10 ml of methanol, then 
further diluted to 1 L solution using Milli-Q waterfi (Millipore, MA, USA). The stock 
solution of estrone at 15 mg/L was also prepared using the same procedure as outlined above. 
The estrogen stock solutions were stored at 4°C in darkness and were used for preparing all. 
dilutions. The physical-chemical properties of 173-estradiol and estrone are presented in 
Table 4.2. 
t Milli-Q water: De-ionized water with total organic carbon less than i µM. 
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Reagent-grade 2,3,4,5,6-pentafluorobenzoyl chloride (PFBCI), benzophenone 
({C6H5)2C0), sodium azide (I~TaN3), and calcium chloride {CaCl2) were used. A PFBCI stock 
solution was stabilized in toluene at v:v (1:9) and stored in darkness to serve as a 
derivatization agent. A stock solution of CaC12 was made at 0.5 M to adjust the equilibrating 
solution's ionic strength. Benzophenone served as an internal standard, and a stock solution 
was made by dissolving 7 mg powder into 20 ml Milli-Q water. Organic solvents, such as 
methanol, acetone, toluene, and hexane were all obtained from Fisher Scientific (Miami, OK, 
USA) with pico-grade purity and stored in darkness. 
4.3.3 Sorption study 
The sorption experiments followed the procedures of Casey et al. (2003) and Lee et 
al. (2003) with some modifications. The estrogen solution for the sorption study was 
prepared by mixing a calculated amount of estrogen stock solution prepared in section 4.3.2 
to which 0.335 g sodium azide (NaN3) and 5 ml calcium chloride (CaC12) solution were 
added. The content was diluted to make a final volume of SOOmI using Milli-Q water. Thus, 
the solution for the sorption study had the same ionic strength with 0.005M CaCl2 and 0.01M 
NaN3. It was reported that 10 ml of methanol in the 1 L of estrogen stock solution would not 
interfere with estrogen adsorption by the soil {Bouchard, 2003). The initial concentrations of 
estrogen were set at 10 µgL"1, 15 µgL-1, 25 µgL-1, 50 µgL"1, 100 µgL"1, 250 µgL"1, 500 µgL"1, 
750 µgL"1, 1500 µgL"1, 2250 µgL"I and 3000 µgL"1. The above estrogen levels were selected 
as the estrogen concentrations in swine manure were found to vary from 10 to 3000 µgL"~ 
(Raman et al., 2003). To ensure that estrogens could be detected in aqueous phase after soil 
adsorption at the lowest initial concentration of 10 µgL"1, a more refined detection 
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methodology was developed and is presented in Figure 4.1. The mixed solution was purged 
with helium gas to remove dissolved oxygen. Each centrifuge bottle (100 ml) was filled 
either with Hanlon soil sample and estrogen solution as prepared above, with a Hanlon 
solid/liquid ratio of 1 gl20ml; or with Zook solid/liquid ratio of 1 g/40m1. The bottles were 
then tightly sealed, wrapped in aluminum foil, and placed on a rotary shaker (see Photo A3). 
This could possibly eliminate estrogen biodegradation, oxidation and photolysis during the 
adsorption tests. The sorption pseudo-equilibrium was considered to be reached after 
constant shaking for 24 h at 50 rpm as the difference in residual concentration between 12 
and 24 h was less than 5%. 
4.3.4 Solid phase extraction 
After the sorption period, the bottles were centrifuged at 10,000 rpm (about 11,375 g) 
for l Omin in a Sorvall Revolution ER centrifuge (Kendro Laboratory, Newtown, CT, USA) 
at 18°C; the supernatant was transferred and collected in a 500-m1 volumetric flask for the 
solid phase extraction (SPE) step. The SPE system consisted of the SPE column filled with 
porous sorbents, wastewater reservoir connected to an adjustable vacuum pump (see Photo 
A4). Different SPE columns were pre-evaluated for estradiol-retaining efficiency, and the 
sorbent material ethinylbenzene — divinylbenzene (EB-DVB) was found to achieve the best 
estradiol recovery rate as shown in Table 4.3. Therefore, the LiChrolut EN® (Merck, Salt 
Lake City, UT, USA) SPE column was adopted in the extraction of all estrogen samples. 
The SPE and derivatization step was optimized from the method described in Kuch 
and Ballschmiter (2001). The SPE column was first conditioned with 3m1 of methanol, and 
then 3m1 of acetone, followed by 10 ml of Milli-Q water with pH adjusted to 4.0. The 
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collected sample solution was then passed through the SPE column in a steady rate, while the 
inflow rate was kept equal to the outflow rate at lOml/min controlled by adjusting the partial 
.vacuum of the pump. The estrogens were retained on the SPE cartridge while the wastewater 
was pumped out. After the SPE step, the estrogens were eluted with Sml methanol followed 
by Sml acetone at a flow rate of 1 ml/min. The 10 ml of eluted sample with 1 methanol : 1. 
acetone organic solvent containing estrogens was collected into a 25-m1 pear-shaped vessel 
connected by aspecially-designed glass adaptor to a Biichi R-114 rotary evaporator (Fawil, 
Switzerland). The glass adaptor effectively prevents reflux from going back to the 
evaporated phase, while allowing evaporation to proceed steadily (see Photo AS). The elute 
was then evaporated to dryness by the rotary evaporator at 40°C within 20min. 
4.3. S Derivatization and detection by GC-MS 
For Gas Chromatography ~— Mass Spectrometry (GC-1VIS) detection, both the positive-
electron-ionization (EI+) and the negative-chemical-ionization (IvTCI) modes were employed 
on a series of standard samples to compare the detection limits and recovery rates by the two 
methods. For GC-EI-MS, the eluted powder was reconstructed in 1000µL of hexane and 
passed through the GC column directly without derivatization; for GC-NCI-MS, the eluted 
powder was reconstructed in 2mL of Milli-Q water and was passed through PFBCI 
derivatization step as described in following paragraph. For EI mode, a Agilent® 6890 
programmable GC (Palo Alto, CA, USA) oven was tuned to maintain a temperature of 60°C 
for lmin, ramp at 50°C/min to 300°C, and then maintain at 300°C for Smin. 1µL of analyte 
was injected in splitless mode and passed through GC column, separated, identif ed and 
quantified by a Micromass TOF tandem mass spectrometry {Cary, NC, USA). 
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For derivatization, the aqueous-phase 17(3-estradiol was pipetted with 50 µL 2M 
KOH and 50 µL 10% PFBCI in toluene, and manually shaken for 5 min to allow the reaction 
to proceed completely (Figure 4.2). The solution was then liquid-liquid extracted by hexane 3 
times to retrieve the non-polar-phase derivative, as the polar-phase derivatization by-product 
remained in aqueous phase and deserted (see Photo A6). The extracted derivative solution 
was evaporated to dryness at room temperature within 10 min, and it was taken up in 1000 
µL hexane and transferred to GC/MS vials. For splitless injection, 1µL of internal standard as 
prepared in 4.3.2 was spiked into the GC/MS vials; for split 50:1 injection, 50µL of internal 
standard was spiked into the GC/MS vials before injection. For GC-NCI mode, the oven was 
programmed to maintain 100°C for lmin, ramp at 50°C/min to 300°C, and to maintain 300°C 
for lOmin. 
4.3.6 Standard samples 
Standard samples were prepared as direct, extracted and derivatized, and standard 
curves for both 17R-estradiol and estrone were constructed following the same procedure. 
Five direct standard samples in hexane with concentrations ranging from 15 to 150µgL~i
were detected with GC-EI-MS. Five extracted standard samples in SOOmI aqueous phases, 
with the same estrogen mass as those direct standard samples, were passed through SPE 
extraction following the procedure as described in section 4.3.2, then detected with GC-EI- 
MS. Nine derivatized standard samples in 500 ml aqueous phases, with estrogen 
concentrations from 0.5 to 150 µgL-1, were extracted following the procedure described in 
section 4.3.2, and derivatized following the method described in section 4.3.3, then detected 
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with GC-NCI-MS. Standard curves were developed for both 17~i-estradiol and estrone 
samples. 
4.3.7 Mass Balance and isotherm models 
Since sorption was conducted in an abiotic, reducing and dark environment, it is 
assumed that there is no estrogen loss by biological, chemical or photolytic degradation. 
Therefore, a mass balance can be established before and after sorption as illustrated below: 
Where V: Volume of aqueous solution, L; 
Co: Initial concentration of estrogen in the aqueous phase, µg/L; 
Ce: Equilibrium concentration of estrogen in aqueous phase, µg/L; 
m: Soil mass, g; 
Qe: Estrogen's unit solid uptake, µg/g. 
At equilibrium, relationships have been found between estrogen concentration in 
the liquid phase (Ce) and estrogen uptake by the solid phase (Qe). The empirical Freundlich 
isotherm model may be used to describe a possible pattern of an organic pollutants' 
adsorption by soil materials, 
Where Kf: Freundlich sorption capacity parameter, (µg/g)( L/µg)"; 
n: Freundlich sorption linearity indicator, dimensionless. 
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When the sorption does not surpass saturation, or the sorption affinity can be 
contributed to one single driving force, the Freundlich model reaches linearity when n 
approaches 1. Then the sorption equilibrium can be viewed as solid-water partitioning, 
Qe = Ka Ce {4.~) 
Where Kd: Solid-water partitioning coefficient, L/g. 
To eliminate the dependence of the partitioning coefficient on the sorbent (soils), the 
OC~ (organic carbon)-unit-equivalent partitioning coefficient Kos is defined as thesolid-water 
partitioning coefficient Kd normalized to the soil organic carbon content fog; 
Kos = 1000 Ka / fog (4.4) 
Where Kos: OC-water partitioning coefficient, L/kg 
fog: OC content in the soil, g OC/g soil 
The "normalized" Kos assumes that all sorption is to soil organic matter, and is 
theoretically independent of the specific sorbent (soil). Its value is determined solely by the 
characteristics of the sorbate {estrogen). Therefore, the two partitioning coefficient, the Kos
and the KoW, can be related to one another {Sangster, 1997) by; 
log KoW = a log Kos + b (4.5) 
Where KaW: Octanol-water partitioning coefficient, g/g 
a, b: parameters to fit in the linear relationship. For the specific cases of 
steroids, a = 0.9, b = 0.21 (VCCLab, 2006). 
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4.4 Results 
4.4.1 Standard curves 
For splitless injection, the retention times for 17 J3-estradiol and estrone were 8.00 ~ 
0.05 min, and 8.29 ~ 0.1 min, respectively; for split 50:1 injection, the retention times for 
17~i-estradiol and estrone were 10.85 ~ 0.09 min, and 10.94 ~ 0.06 min, respectively. 
Standard curves developed for 17[3-estradiol and estrone are shown in Figure 4.3 (a) and (b). 
From the adopted range, the instrumental response is strictly linear, with a R2 value 
comparable to the previous studies. 17[3-estradiol and estrone under GC-EI-MS mode 
formed [M]+ cations, and the detection limit of both was 15 µgL~l using splitless injection. 
After derivatization, 17[3-estradiol and estrone under GC-NCI-MS mode formed [PF-MH]-
anions, and the detection limit of both reached lower than 500 ngL-1 using split 50:1 
injection. This apparently suggests that the GC-NCI-MS methodology coupled with splitless 
injection could achieve detection as low as 10 ngL-1, or 0.01 picogram per injection 
sensitivity for both E2 and E 1. The level of detection is considered adequate for the 
measurement of estrogen compounds in aqueous solution after adsorption. 
4.4.2 Sorption parameters and partition coefficients 
The sorption isotherms for E2 and E 1 by soil material used in this study was well 
fitted into Freundlich model with a R2 of greater than 0.99 (Figure 4.4). Moreover, E2 and 
E 1's sorption isotherms also showed a good fit by linear model with a R2 of greater than 0.97 
(Figure 4.5). The model parameters are shown in Table 4.4 and 4.5. The high correlation 
with the linear model, as a special form of the Freundlich model where n approaches 1, 
indicates that the estrogens' sorption onto soils was driven by a single force: hydrophobic 
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partitioning. The solid-water partitioning coefficients, log K°C, were calculated using Eqs. 
(4.4) and (4.5) and are presented in Table 4.6. log K°~ can also be obtained from empirical 
log K°W value. However as the accuracy of log K°W has been questioned in a recent study 
(Renner, 2002). Thus, in this study, the log K°~ value was employed to predict the log KoW
value. There are several ways to estimate the octanol-water partitioning coefficient K°W, e.g., 
from the chemical structure of the compound (VCCLab, 2006), or from the sorption test with 
soils containing different OC content (This study; Lai et al., 2000; Lee et al., 2003), or from 
back calculation with data obtained from membrane partitioning (Nghiem et al., 2004; Liu et 
al., 2005). A comparison of log K°W values calculated from different approaches is presented 
in Table 4.7. 
4.4.3 Discussion 
In this study, a protocol for analysis of steroidal estrogens E2 and E 1 has been successfully 
established at the ng/L level. The method proves to be adequate for detecting residual E2 
and E 1 after soil sorption in aqueous phase. Moreover, the standard curves, plotted with nine 
points for both E2 and E 1 were linear, which makes a GC/MS quantification sufficiently 
reliable for samples with estrogen levels ranging from 0.5 to 1 ~Oppb. The developed 
protocol might also be equally applicable for the detection of other phenolic pollutants with 
minor modification, such as ethinyl-estradiol (EE2), bisphenol A (BPA), 4-nonylphenol 
(NP), 4-tert-octylphenol (OP), etc. 
The batch test is a prototype for the sorption of hydrophobic organic compounds onto 
the soils. When sorption reached pseudo-equilibrium, Hanlon soil was able to adsorb 70% to 
80% of 17(3-estradiol and 50% to 60% of estrone at a dosage of 1 g/20m1; on the other hand, 
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Zook toil was -able to adsorb ~0° ~ to 9~°~~f 1?~-estradiol and g~%~9~% of estrnne at a -
dosage of 1 g/40m1. The sorption proved to be hydrophobic linear partition along the solid-
. water interface. The modeling process followed the order of: Kf -~ Kd -~ K°C ~ K°W, where 
Kd is a linear specific case of Kf, and Kos is the OC-equivalent normalized version of Kd. 
The successful modeling of E2 and E1 sorption by both Freundlich and linear models 
enabled the calculation of partition coefficients: While the isotherm parameters Kf and Kd
are dependent on the particle size and chemical composition of soil sorbents, the partitioning 
coefficients Koc and K°w are characteristics of estrogen sorbate alone. As K°~ values were 
calculated by normalizing experimental-gained Kd values to the OC content of the soils, the 
results from both Hanlon and Zook in the cases of E2 and E 1 were amazingly close (Table 
4.6). This supports the theory that the partitioning coefficient is an independent variable 
related only to the estrogenic compound, not to the soil sorbent. Thus from eq. (4.4), in the 
case of linear sorption, the estrogens' sorption on other soils could be predicted by knowing 
soil's OC. The limitation of the study is that only two soil samples were tested as sorbents, 
therefore more tests with different soils are needed to reach the conclusion that OC content 
dominates the sorption reaction. 
4.5 Acknowledgement 
The financial support for this study was provided by institute for Food Safety and Security, 
Iowa State University in the form of graduate research assistantship to BX. The authors 
express their appreciations to Dr. Steve Veysey (Dept. of Chemistry, Iowa State University) 
in helping with the development of analytical procedure for estrogen detection. SPE multi- 
pak columns were donated. by Supleco®. 
60 
4.6 References 
Bouchard, D. (2003). Cosolvent effects of phenanthrene sorption-desorption on a freshwater 
sediment. Environ. Toxicol. Chem. , 22: 7'3 6-740. 
Carmo, A. N., Hundal, L. S., and Thompson, M. L. (2000). Sorption of hydrophobic organic 
compounds by soil materials: application of unit equivalent Freundlich coefficients. Environ. 
Sci. Technol., 34: 4363-4369. 
Casey, F. X. M., Larsen, G. L., Hakk, H., and Simunek, J. (2003). Fate and transport of 17(3-
estradiol in soil-water system. Environ. Sci. Technol., 37: 2400-2409. 
Colucci, M., Bork, H., and Topp, E. (2001). Persistence of estrogenic hormones in 
agricultural soils: I. 17beta-estradiol and estrone. J. Environ. Qual., 30: 2070-2076. 
Facemire, C. F., Gross, T. S., and Guiliette, L. J. (1995). Reproductive impairment in the 
Florida Panther: Nature or nurture?. Environ. Health Perspect., 103, Suppl., 4: 79-$6. 
Guillette, L. J., Gross, T. S., Masson, G. R., Matter, J. M., Percival, H. F., and Woodward, A. 
R. (1994). Developmental abnormalities of the gonad and abnormal sex hormone 
concentrations in juvenile alligators from contaminated and control lakes in Florida. Environ. 
Health Perspect., 102: 680-688. 
Hanselman, T. A., Graetz, D. A., and Wilkie, A. C. (2003).Manure-Borne estrogens as 
potential environmental contaminants: A review. Environ. Sci. Technol., 37: 5471-5478. 
Irwin, L. K., Gray, S., and Oberdorster, E. (2001). Vitellogenin induction in painted turtle, 
Chrysemys pitta, as a biomarker of exposure to environmental levels of estradiol. Aquat. 
Toxicol., 55: 49-60. 
Jobling, S., Nolan, M., Tyler, C. R., Brighty, G., and Sumpter, J. P. (1998). Widespread 
sexual disruption in wild fish. Environ. Sci. Technol., 32: 2498-2506. 
Johnson, K. (1999). The partitioning of natural and synthetic oestrogens between aqueous 
and solid phases. M.Sc. Dissertation, Imperial College London, UK. 
Khanal, S. K., Xie, B., Sung, S., Ong, S. K., and van Leeuwen, J. (2006). Fate, transport and 
biodegradation of natural estrogens in the environment and engineered systems. Environ. Sci. 
Technol. (Submitted) 
Koplin, D. W., Furlong, E. T., Meyer, M. T., Thurman, E. M., Zaugg, S. D., Barber, L. B., 
and Buxton, H. T. (2002). Pharmaceuticals, hormones, and other organic wastewater 
contaminants in US streams, 1999-2000, a national reconnaissance. Environ. Sci. Technol., 
36: 1202-1211. 
61 
Kuch, H. M., and Ballschmiter, K. (2001). Determination of endocrine-disrupting phenolic 
compounds and estrogens in surface and drinking water by HRGC-(NCI)-MS in the 
picogram per liter range. EnviNon. Sci. Technol., 35: 3201-3206. 
Lai, K. M., Johnson, K. L., Scrimshaw, M. D., and Lester, J N. (2000). Binding of 
waterborne steroid estrogens to solid phases in river and estuarine system. Environ. Sci. 
Technol. , 34:3 890-3 894. 
Lange, I. G., Daxenberger, A., Schiffer, B., Witters, H., Ibarreta, D., and Meyer, H. H. D. 
(2002). Review —sex hormones originating from different livestock production systems: Fate 
and potential disrupting activity in the environment. Anal. Chem. Acta, 473: 27-37. 
Lee, L. S., Strock, T. J., Sarmah, A. K., and Rao, P. S. C. (2003). Sorption and dissipation of 
testosterone, estrogens, and their primary transformation products in soils and sediment. 
Envi~on. Sci. Technol., 37: 4098-4105. 
Liu, R., Wilding, A., Hibberd, A., and Zhou, J. L. (2005). Partition of endocrine-disrupting 
chemicals between colloids and dissolved phase as determined by cross-flow ultrafiltration. 
Envi~on. Sci. Technol., 39: 2753-2761. 
Lye, C. M., Frid, C. L. J., Gill, M. E., and McCormick, D. {1997). Abnormalities in the 
reproductive health of flounder Platichthys Flesus exposed to effluent from a sewage 
treatment works. Mai. Pollut. Bull., 34: 34-41. 
National Institute of Environmental Health Sciences. (1994). Seventh annual report on 
carcinogens summary 1994. U. S. Department of I-Iealth and Human Services, Research 
Triangle Park, NC. P. 195-197. 
Nghiem, L., Schafer, A. I., and Elimelech, M. (2004). Removal of natural hormones by 
nanofiltration membranes: measurement, modeling, and mechanisms. Envij°on. Sci. Technol., 
38: 1888-1896. 
Purdom, C. E., Hardiman, P. A., Bye, V. J., Eno, N. C., Tyler, C. R., and Sumpter, J. P. 
(1994). Estrogenic effects of effluents from sewage treatment works. Chem. Ecol., 8: 275-
285. 
Raman, D. R., Williams, E. L., Layton, A. C., Burns, R. T., Easter, J. P., Daugherty, A. S., 
Mullen, M. D., and Sayler, G. S. (2004). Estrogen content of dairy and swine wastes. 
Envif~on. Sci. Technol., 38:3567-3573. 
Renner, R. (2002). The KoW controversy. Envij~on. Sci. Technol., 36: 411-413A. 
Sangster, J. (1997). Octanol-water partition coefficients: fundamentals and physical 
chemistry, John Wiley &Sons, Chichester. 
62 
Shore, L. S., Correll, D. L., and Chakraborty, P. K. (1995). Relationship of fertilization with 
chicken manure and concentrations of estrogens in small streams. P. 1~5-162. In K. "Steele 
(ed.) Animal waste and the land-water interface. CRC Press, Boca Raton, FL, USA. 
Ternes, T. A., Stumpf, M., Mueller, J., Haberer, K., Wilken, R. D., and Servos, M. (1999). 
Behavior and occurrence of estrogens in municipal sewage treatment plants. I. Investigations 
in Germany, Canada and Brazil. Sci. Total Environ. , 225 : 81-90. 
Tyler, C. R., Jobling, S., and Sumpter, J. P. (1998). Endocrine disruption in wildlife: a critical 
review of the evidence. Crit. Rev. Toxicol., 28: 319-361. 
USEPA document. (2001). Removal of endocrine disruptor chemicals using drinking water 
t~°eatment processes. EPA/625/R-00/015. 
USEPA. (2002). 40 CFR Parts 9, 122 & 412, Concentf°ated Animal Feeding Opef°ation —
Final Rule. (http://cfpubl.epa.gov/npdes/afo/cafofinalrule.cfm?program_id=7).
Virtual Computational Chemistry Lab. (2006). AlogP 2.1 P~°ogram. (http://www.vcclab.or~)
63 
4.7 Tables and Figures 
Table 4.1 Physical and Chemical Parameters of Soil Samples 
Parameters Hanlon Zook*
Total Organic Carbon (%) ~ 0.45 2.50 
Total Organic Nitrogen (%) 0.15 0.19 
OC / ON 3.0: 1 13.2: 1 
Particle Size Distribution (%) 
Sand 91.7 15 
Silt 7.2 42 
Clay 1.1 43 
pH 7.2 5.9 
(*: Carmo et al., 2000) 
Table 4.2 Physical and Chemical Properties of 17J3-estradiol and Estrone 
17(3-estradiol Estrone 
Acronyms E2 E1 
Chemical Structure 
Molecular Weight (gmole 1) 272.18 270.36 
Solubility in water (mgL-1) 5.4 — 13.3 0.8 — 12.4 
Log Kow 3.8 — 4.0 3.1 — 3.4 
Vapor Pressure (atm) 3x10_8 3x10_8
Reference Ternes et al., 1999; Lai et al., 2000 
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Table 4.3 SPE Column Recovery Rates. for Estradiol 
SPE Column 
Structure 
Operations Recovery Rate (%) 
C8 Si Phenolic 
x 
1. Conditioning: 100% McOH in Hac 
2. Elution: 50% McOH, 50% Acetone 
C8 N Reverse Phase 
~~<;u ,, ,~. ~~ :~~~ 
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1. Conditioning: 100% McOH in 2% NH40H 
2. Elution: 100% McOH 38-44 
C18 Si Aliphatic 
1. Conditioning: 100% McOH in Hac 
2. Elution: 50% McOH, 50% Acetone 87-95 
1. Conditioning: 50% McOH, 50% Acetone 
2. Elution: 50% McOH, 50% Acetone > 99 
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Table 4.4 E2 and E1 sorption Freundlich parameters 
E2 E1 
Sorbent /Sorbate 
K f
, 
1/n R2 K f 1/n R2
Hanlon 0.2771 0.9715 0.99 0.2104 0.9969 1 
Zook 0.7952 1.019 i 0.99 0.6323 0.9626 0.99 
Table 4.5 E2 and E1 sorption linear parameters 
E2 E1 
Sorbent /Sorbate  
K d R2 Ka R2
Hanlon 0.0640 0.98 0.0279 0.99 
Zook 0.5835 0.98 0.2935 0.99 
Table 4.6 E2 and El's solid-water partitioning coefficients logKa~ 
Sorbent /Sorbate E2 El 
Hanlon 4.15 3.8 i 
Zook 4.37 4.07 
Average 4.26 3.94 
Table 4.7 E2 and El's logK~w values in different literatures 
E2 E 1 Ref. 
4.04 3.75 This study 
3.94 3.43 Lai et al., 2000 
4.01 4.54 Nghiem et al., 2004 
4.00 3.50 Liu et al., 200 
4.01 3.13 VCCLab, 2006 
4.00 3.67 Average 
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CHAPTER V 
CONCLUSIONS AND RECOMMENDATIOl~7S 
5.1 General Conclusions 
This research focused on the study of two important naturally occurring trace toxins, 
arsenic(V) and estrogens. Adsorption played a key role,in the removal of these naturally 
occurring toxins. The Freundlich isotherm model was used to evaluate the sorption capacity, 
linearity, and intensity in both the cases. 
Bench-scale experimental design for both the naturally occurring toxins arsenic(V) 
and estrogens, were similar, although the containers were modified for specific purposes. 
The jar for arsenic(V) kinetics was awater-bath bioreactor, for thermodynamics was a series 
of jar testers; the container for estrogens thermodynamics was a rotary shaker. Sorbents 
targeting different toxins were selected according to their different attributes: granulated 
ferric oxide minerals for arsenic anions, and soils containing different levels of organic 
carbon for estrogens. Detection limit for both toxins were accomplished at trace (µgL-1) level 
precision through the use of mass spectrometry (MS), although estrogens required a much 
more complicated pre-treatment before sample analysis. Adsorptive removal of both the 
naturally occurring toxins was successfully fitted to a Freundlich isotherm model 
Similarities in experimental design and a successful fitted to Freundlich model lends support 
to the assertion that adsorption technique is the most appropriate when the focus of research 
involves the removal of naturally occurring toxins. The mechanistic driving fortes behind the 
two adsorption experiments, however, are different, as the arsenic were removed by electro-
static force and formed arsenic-iron complexions on the GFH surface with adsorption pattern 
~2 
also fitting into the BET model, whereas the estrogens were linearly adsorbed by the soil 
surface by hydrophobic partitioning. 
5.2 Recommendations for Future Research 
Future research is needed to fully understand and evaluate the adsorption of naturally 
occurring toxins in the presence of competitive pollutants. Naturally occurring toxins like 
arsenic (V) are hydrophilic in nature; despite which they can be readily removed using 
adsorption. Arsenic(V) sorption by GFH is dominated by electro-static attraction between 
negatively-charged arsenic(V) anions and positively-charged GFH surface, and the sorption 
isotherm is non-linear due to GFH particle and surface heterogeneity. 
Naturally occurring toxins like estrogen are hydrophobic in nature and can also be 
removed through adsorption onto solids. Thus, estrogen sorption onto soils can be seen as 
hydrophobic partitioning at the pseudo-equilibrium .state. It is noted in chapter 4 that soil 
organic carbon (OC) content plays a crucial part in the sorption equilibrium of estrogen by 
soil. The sorption isotherm is linear with soil organic carbon content as the dominating 
factor. 
However, there might be other factors impacting the estrogen sorption onto the soil, 
such as salinity and clay content. Therefore, further research is needed to assess the other 
major factors impacting the sorption isotherm parameters. A high clay content is usually 
associated with a high organic carbon content in the soil; thus, the next experimental design 
employed in a comparison sorption study, should follow the suggested soil selection 
guideline that soil A may have a high clay and low organic carbon content, and soil B may 
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have low clay and high organic carbon to evaluate the relative contribution to sorption by 
each of these components. 
Octanol-water partition coefficient log KoW reveals the hydrophobic organic 
compounds' mobility along the soil-water profile. The smaller the log KoW value, the more 
hydrophilic the compound, and the easier the organic compound to partition into the aqueous 
phase. E 1 has a smaller log KoW value than that of E2, which implies that E 1 may be more 
mobile in the aqueous phase than E2; thus more readily leaches out into runoff from 
agricultural soils. It is noteworthy to mention that E2, as the primary estrogen product, can 
be oxidized into its first metabolite E 1 under aerobic conditions, and the oxidation kinetics 
may be facilitated in presence of fecal bacteria. Therefore, future studies may reveal not only 
the sorption kinetics of E2 and E 1 onto soil, but also the kinetics of E2 ~ E 1 transformation 
under different soil redox conditions. 
5.3 Contribution and Limitations 
Adsorption has been studied in the removal of two distinct naturally occurring toxins, 
demonstrating the wide application potential of this technique. Mass spectrometry as a 
detection technique has been employed to meet the trace level detection requirement for both 
arsenic(V) and estrogens. A combination of ICP-MS technique can also be employed not 
only to detect arsenic, but also other metallic pollutants such as vanadium, selenium, zinc, 
chromium, etc. Similarly, a combination of C7C-MS can also be employed for the analysis of 
a variety of organic pollutants. Analytical chemistry played a crucial part in the thorough 
understanding of estrogen sorption. This study thus contributes to the field of environmental 
science. 
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Desorption is the phenomenon in which particles from a solid surface dissolve into 
water. At room temperature and atmospheric conditions, adsorption of particles from water 
onto solid surface dominates the reaction; the reaction kinetics correlates with the 
concentration gradient along the solid-water surface. At the same time, with adsorption 
(particles from water adsorbed onto solid surface) taking place, the concentration gradient 
keeps decreasing. When adsorption reaches equilibrium, adsorption and desorption kinetics 
rates become equal. However, the desorption of the toxins were not studied due to time 
constraints. This is an important topic for future studies. 
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APPENDIX: PHOTOS AND FIGURES 
Photo A1. Jar testers for arsenic( adsorption thermodynamics 
Photo A2. Bioreactor for arsenic( adsorption kinetics 
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Photo A3. Rotary shaker for estrogen adsorption thermodynamics 
~a > 
Photo A4. Solid phase extraction (SPE) for estrogen detection pretreatment 
~~ 
Photo A5. Specially-designed glass adaptor of rotary evaporator 
Photo A6. Liquid-liquid extraction (LLE) for estrogen detection pretreatment 
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Figure A1. Arsenic( adsorption data fitting into Langmuir model 
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Figure A2. Arsenic adsorption data fitting into BET model 
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Figure A3. Arsenic adsorption data fitting into linear model 
81 
~~#~~ ~it~ utto Fi~~tutdli~:lt I~Io ~1.~1 
r 
f 
f 
(~H==~. ~~ 1 ~~rpm~ 
I~=7'. ~,.1(~t~~pm~ 
H=. ~, ~. ~l~ rr~~ 
I 1 
~l1 ~~ ~U 
Df5 
~:°~e~i~:~:~L~ 
Figure A4. Arsenic adsorption data fitting into Freundlich model 
